D
espite the innate ability of bone to heal, there are still approximately one million bone-substitute operations performed annually in the United States alone (1) . Current treatments for osseous defects and anomalies include the use of autografts, allografts, and metallic implants (2) . However, the limited availability and donor-site morbidity of autografts and issues with immune responses from allografts and metallic implants are drawbacks to these methods (3, 4) . The need for osteogenic bone substitutes has led to the development of many bone tissue engineering strategies. By combining different components of the tissue-engineering paradigm (biomaterial scaffolds, cells, and bioactive molecules), the conditions of normal tissue development in vivo may be mimicked to recreate functional and structural tissues in vitro (5) .
An ideal bone tissue engineering scaffold would be both osteoconductive and osteoinductive. Osteoconductivity refers to a scaffold's ability to support osteoblast and osteoprogenitor cell attachment and subsequent bone matrix deposition and formation (4, 6) . Inorganic compounds, such as calcium phosphates or hydroxyapatite crystals, are often incorporated into scaffolds with a low osteoconductivity, resulting in increased cell attachment (6) . Osteoinductivity describes a scaffold that encourages osteogenic precursor cells to differentiate into mature boneforming cells (7) . Many small fractures and defects heal because of the osteoinductivity of natural bone, leading to investigations of demineralized bone as a potential bone tissue engineering scaffold (8) . However, in large bone defects, the inherent osteoinductivity of bone may not be sufficient for adequate healing. Thus, a model scaffold would, itself, be capable of recruiting stem and osteoprogenitor cells to a bone healing site where they would eventually differentiate into extracellular matrix (ECM)-secreting osteoblasts (7) . Other considerations for a tissue engineering scaffold include mechanical integrity, biodegradability, biocompatibility, and a porosity that would allow for bone-tissue ingrowth (9) .
Most tissue engineering scaffolds (i.e., ceramics, metals, and polymers) are only osteoconductive (9) (10) (11) . One method to incorporate osteoinductive properties into a scaffold is through the inclusion of growth factors or cytokines specific to the desired tissue to be regenerated. Growth factors known to influence bone cells include transforming growth factors (TGFs) (12) , insulin-like growth factors (13) , bone morphogenetic proteins (BMPs) (14) , fibroblast growth factors (FGFs), and platelet-derived growth factors (15) . These critical mediators of bone function regulate the phenotype of osteoblasts and other bone cells by binding to cell-surface receptors, which, in turn, activate cellular responses such as proliferation and differentiation (16) .
Marrow stromal cells (MSCs) are multipotent cells found predominantly within the bone marrow that are undifferentiated but, when given the proper environmental cues, can potentially differentiate into various tissue types including but not limited to bone, cartilage, and adipose (17) . In vivo, osteodifferentiation is marked by sequential stages of cellular proliferation, bone ECM maturation, and matrix mineralization (18) . This progression is mediated by cell-growth factor, cell-cell, and cell-matrix interactions (19) . Mechanical strain and fluid shear stress have also been demonstrated to influence osteodifferentiation, with load-induced fluid shear stress being shown to have greater effects (20) (21) (22) . In vivo, bone cells experience interstitial fluid shear stress upon mechanical loading of bone through fluid flow inside the canalicular-lacunar and trabecular spaces within bone tissue (23) . To accurately mimic the in vivo matrix architecture, cells should be cultured in a 3D environment with the appropriate mechanical stimulation.
Bioreactors provide a means to expose cells to dynamic culture conditions in vitro (24, 25) . An approach used previously in our group focuses on the use of fluid shear stresses generated by a flow perfusion bioreactor to influence osteodifferentiation of MSCs. We have shown that fluid flow not only mitigates nutrient transport limitations in 3D perfusion cultures of MSCs but also provides mechanical stimulation to seeded cells in the form of fluid shear stress, resulting in increased depositions of mineralized matrix (26, 27) . Cellular constructs cultured in a flow perfusion bioreactor yielded a significant increase in matrix mineralization after 16 days as compared with those cultured statically when cultured in the presence of osteogenic supplements, including dexamethasone, which has been shown to be a powerful promoter of osteodifferentiation (28) . Furthermore, flow perfusion culture in the absence of dexamethasone resulted in more mineralization than static culture in the presence of dexamethasone (29) . These results indicated that fluid shear stresses can positively influence and enhance osteodifferentiation of MSCs on porous scaffolds.
In vivo, the ECM plays an important role in maintaining and mediating bone function. Several studies suggest that the 3D matrix structure and organization can influence the phenotypic behavior of cells (1, 30) . Native bone is a highly dynamic and complex system that consists predominately of a mineralized ECM secreted by osteoblasts (31) . The organic components of bone-like ECM are composed of 90% type I collagen, whereas the remaining 10% consists of noncollagenous proteins (32, 33) . The ECM contains various osteoinductive factors, as evidenced by bone formation in ectopic sites using demineralized bone (34) . Located throughout the bone matrix are a variety of glycoproteins, such as thrombospondin, fibronectin, vitronectin, and fibrillin, which help promote cellular attachment (32) . Mechanical signals are conveyed through these adhesion proteins to attached cells and cause changes in gene expression and phenotype (35) . Osteopontin, bone sialoprotein, and other matrix glycoproteins are also involved in the matrix mineralization processes (33) . To capitalize on the beneficial properties of ECM, we have cultured MSCs on titanium (Ti) scaffolds to generate bone-like ECM in vitro. The presence of this bone-like ECM resulted in significantly larger mineral deposition by MSCs over 16 days under static culture conditions as compared with constructs without pregenerated ECM (36) . These results suggested that the presence of the pregenerated bone-like ECM transformed the Ti scaffold from an osteoconductive to an osteoinductive construct.
In this work, we aimed to combine the beneficial properties of fluid shear stress with those of pregenerated ECM. To do so, MSCs were seeded onto either plain Ti or pregenerated ECMcontaining Ti meshes and cultured in a flow perfusion bioreactor. A comparison of these constructs enabled us to examine the osteoinductive potential of an in vitro pregenerated ECM on osteoblast differentiation in the presence of fluid shear stresses. Because plain Ti constructs and those containing pregenerated ECM have different pore sizes (the ECM fills the void volume of the plain Ti scaffold), fluid flow through each of these constructs will exert different shear stresses on the seeded cells. To separate the effects of the in vitro generated ECM from those due to differences in shear stress, a group of constructs containing denatured pregenerated ECM were fabricated; doing so allowed for the effects of the generated ECM to be measured directly. Finally, to elucidate its osteogenic effect, the 3D in vitro culture of such constructs was carried out either with or without dexamethasone in the culture media. Known markers of differentiation, including expression of alkaline phosphatase (ALP), secretion of osteopontin, and deposition of a calcified ECM were used as indicators of cell differentiation and mineralization. Our approach combines all three elements of the tissue engineering paradigm: MSCs capable of osteodifferentiation, Ti fiber mesh as an osteoconductive scaffold, and a pregenerated bone-like ECM as a source of bone cell differentiation supporting factors.
Results and Discussion
This study investigated the osteoinductive capacity of an in vitro pregenerated ECM on the proliferation and differentiation of marrow stromal cells seeded on 3D Ti fiber mesh scaffolds and cultured in a flow-perfusion bioreactor. The pregenerated ECM used in this study was secreted by MSCs over a 12-day culture period to allow for sufficient matrix deposition; compositional analysis of the matrix indicated the presence of glycosaminoglycans (GAGs) and collagen (as determined by biochemical analysis of the Ti͞ECM constructs) (see Fig. 5 , which is published as supporting information on the PNAS web site). The specific questions we wanted to answer were: (i) What effect does the combination of bone-like ECM and flow have on osteodifferentiation? (ii) How is this effect different in the presence and absence of the osteogenic culture supplement dexamethasone?
Because the endpoint of osteoblast phenotypic expression is indicated by the production of a calcified, mineralized matrix (37), we measured the calcium content in the constructs as an indicator of osteodifferentiation. The measured calcium content increased with time for both Ti and Ti͞ECM constructs (Fig. 1) . Ti constructs, when cultured under flow perfusion in the presence of dexamethasone for 16 days, contained Ϸ50 g of calcium. In contrast, the Ti͞ECM constructs yielded 75 times more calcium after the same amount of time, Ϸ3,800 g. After only 4 days of culture, the calcium content of the Ti͞ECM constructs was already Ϸ1,600 g, whereas only 2 g were observed in Ti constructs.
The substantial increase in calcium content after only 4 days in Ti͞ECM constructs could be attributed to two things: (i) the presence of the ECM in the Ti͞ECM constructs and (ii) differences in the shear stress exerted on the cells in these constructs compared with plain Ti constructs. A previously developed cylindrical pore model showed that the fluid shear stress exerted on cells in a scaffold depends on the pore size of the construct: for a given flow rate, MSCs on constructs with smaller pore sizes experience larger shear stress and subsequently demonstrate greater matrix mineralization (38) . Mercury porosimetry measurements confirmed a difference in the pore sizes of Ti and Ti͞ECM scaffolds (65.3 Ϯ 3.0 m versus 29.8 Ϯ 7.1 m, respectively), which could explain the increased mineralization in Ti͞ECM scaffolds.
To separate the effects of the pore-size differences between the Ti and Ti͞ECM groups from the impact of the ECM, some Ti͞ECM scaffolds were denatured by heat treatment to deactivate the growth factors contained within the in vitro generated ECM. These Ti͞ECM* constructs had an average pore size that was not significantly different from Ti͞ECM constructs (29.8 Ϯ 7.1 versus 25.7 Ϯ 4.6 m, respectively). Nevertheless, Ti͞ECM* constructs demonstrated significantly less calcium than Ti͞ECM constructs after 4 days of culture (27 g and 1,600 g, respectively) (Fig. 2A) . The Ti͞ECM* constructs had greater cellularity than Ti and Ti͞ECM constructs, indicating that the cells were able to attach and proliferate on these scaffolds (data not shown). Therefore, we hypothesize that the increased matrix mineralization observed on Ti͞ECM constructs compared with Ti͞ECM* is an indicator of enhanced osteodifferentiation of MSCs on the Ti͞ECM constructs because of the bioactive growth factors present in the pregenerated matrix; in the heattreated Ti͞ECM* constructs, these growth factors were not active, and, therefore, less osteodifferentiation was observed.
The role of dexamethasone in these substantial increases of mineral content was examined by comparing calcium data for the Ti͞ECM͞-and Ti͞-constructs in flow perfusion to those constructs cultured in the presence of dexamethasone (Ti͞ECM and Ti). After 16 days of culture, Ti͞ECM͞-constructs contained Ϸ75 g of calcium, and the Ti͞-constructs had Ϸ1 g of Ca (Fig. 2B) . Because the mineralized matrix deposition in both ECM containing groups (Ti͞ECM and Ti͞ECM͞-) was significantly higher than their counterparts (Ti and Ti͞-), there was a stimulatory effect of the pregenerated ECM on MSCs. Furthermore, even in the absence of dexamethasone, the calcium content in the Ti͞ECM͞-constructs after 16 days of culture was greater than in the Ti constructs, lending further credence to the osteoinductive capability of the bone-like ECM.
Furthermore, the results of this study were compared with a study in which Ti͞ECM constructs were cultured statically (36) to isolate the effects of the pregenerated ECM from those of flow-perfusion culture. The calcium content of the Ti͞ECM constructs in this study demonstrated a 5-fold increase relative to corresponding static Ti͞ECM constructs of the previous study. For plain Ti constructs, only a 2-fold increase was observed for flow culture as compared with static culture. These results indicate that the combination of the pregenerated bonelike ECM and flow-perfusion culture in the presence of dexamethasone synergistically impact the differentiation of MSCs.
The calcium data were corroborated by examining the constructs by using scanning (S)EM and energy dispersive spectroscopy (EDS). Before in vitro culture, cells were seeded on the top of the scaffolds, resulting in more cells and ECM at the top of the scaffolds initially (see Fig. 6 , which is published as supporting information on the PNAS web site). Images of the tops and bottoms of Ti and Ti͞ECM constructs were obtained at 0
Additionally, cross-sections of the constructs were cut and analyzed by SEM to examine the distribution of ECM throughout the constructs. Fig. 3 shows SEM images of a Ti construct after 16 days of culture (Fig. 3A) , a Ti͞ECM construct after 4 days of culture (Fig. 3B) , and a Ti͞ECM construct after 16 days of culture (Fig. 3C) . After 16 days of flow culture, it is evident that ECM is distributed throughout Ti constructs; however, void spaces are still visible, and little mineralization is observed. In contrast, there are few open spaces in the Ti͞ECM constructs after the same amount of time because of the presence of a substantial amount of mineralized matrix (Fig. 3C) . Furthermore, a direct comparison of a Ti construct cultured for 16 days (Fig. 3A) and a Ti͞ECM construct cultured for 4 days (Fig. 3B) provides a qualitative appreciation for the impact of preexisting ECM. (The Ti͞ECM construct is pregenerated with a 12-day culture period, so the total in vitro culture period under flow perfusion is 16 days for both cases.) These results indicate that the presence of ECM and flow leads to enhanced mineralization and more uniform matrix distribution.
Before matrix mineralization, osteodifferentiation is marked by sequential stages of cellular proliferation and bone ECM maturation (18) . As a measure of proliferation, the cellularities of the Ti and Ti͞ECM constructs were measured (see Fig. 7 , which is published as supporting information on the PNAS web site). In both groups, the cellularities exhibited a peak at day 8 accompanied by a fall by day 16. The decrease in cellularity of constructs between days 8 and 16 can be attributed to the fact that higher matrix deposition and mineralization with time cause cells to become encased within the matrix and, hence, not detected by the DNA assay. Additionally, the Ti͞ECM constructs had significantly lower cellularities at days 8 and 16 compared with Ti constructs, which could be an indication of poor cell proliferation or cell death in the interior of these scaffolds. However, the presence of extensive mineralized matrix indirectly suggests that the cells were viable and continued to deposit matrix. An alternative explanation is that, because Ti͞ECM constructs contain more matrix, the lower cell numbers are a result of more cells being encased. As suggested by the calcium data, we hypothesize that MSCs seeded on Ti͞ECM constructs interacted with the pregenerated ECM and began to differentiate down the osteoblastic lineage.
This theory is further supported by the measurement of changes in the expression of osteoblastic markers. Specifically, ALP expression is known to peak after the end of the prolifer- ative stage and before matrix maturation during osteoblastic differentiation (39) . For both Ti and Ti͞ECM constructs, there was an increase and then a decrease in ALP activity, with a peak occurring between 4 and 16 days of culture, suggesting that osteodifferentiation was occurring (Fig. 4) . Additionally, at each time point, the ALP activity is significantly higher for the Ti͞ECM constructs as compared with the Ti constructs. For example, at day 8, the ALP activity of the Ti͞ECM constructs is Ϸ3-fold higher than the Ti constructs. The increased ALP activity in the Ti͞ECM constructs indicates that the presence of the bone-like ECM enhances MSC differentiation toward osteoblast-like cells.
In accordance with the ALP activity, we expected the presence of pregenerated bone-like ECM to cause the cells to secrete more osteopontin. Our results, however, demonstrate higher cumulative osteopontin secretions in the Ti constructs as compared with Ti͞ECM after 7 days of culture (data shown in Fig.  8 , which is published as supporting information on the PNAS web site). In light of the ALP activity of the Ti͞ECM constructs, it is likely that osteopontin secretion is underestimated for these samples. We attribute this underestimation to the fact that osteopontin is a calcium-binding protein and will, therefore, be sequestered within the mineralized matrix of the Ti͞ECM constructs (36) . Additionally, the mineralized matrix will prevent the physical release of osteopontin.
The potential implications of this study on tissue-engineering applications are profound. This approach provides a means to mimic the in vivo extracellular environment by using in vitro culture. Typical bone tissue engineering scaffolds, such as collagen type I (40), ceramics (10) , and demineralized bone (41) , contain only the organic or inorganic component of bone and are not representative of native ECM. Composite scaffolds consisting of both phases of bone may represent the overall composition of bone but do not accurately mimic the complexities of bone ECM. Furthermore, there are also considerable limitations with the ability to incorporate multiple bioactive molecules in an optimal configuration for development of bone. Our strategy for bone tissue engineering is to incorporate in vitro pregenerated ECM into a scaffold to capitalize on its inherent benefits. The pregenerated ECM in this study contained Ϸ40 g of calcium.
The presence of calcium phosphate within the matrix alters the chemical composition and surface roughness of the Ti fiber mesh, which can affect the attachment of osteoblast-like cells (42) and adsorption of cytokines and growth factors (43) (44) (45) . In addition to calcium, we have shown that ECM generated by using a flow perfusion bioreactor contains bone signaling molecules, such as BMP-2, FGF-2, vascular endothelial growth factor, and TGF-␤1 (see Fig. 9 , which is published as supporting information on the PNAS web site) (46) . Although the effects of decellularization on this pregenerated ECM and the contained biomolecules are unknown, the enhanced matrix mineralization observed in Ti͞ECM constructs as compared with plain Ti indicates that the ECM retains its osteoinductive nature.
A construct incorporating this pregenerated ECM could thus be implanted into a defect site, where its osteoinductive properties would result in the recruitment of stem and osteoprogenitor cells and adsorption of bioactive molecules within the in vivo environment, leading to bone repair and regeneration. Alternatively, the constructs containing pregenerated ECM could be reseeded with autologous MSCs and further cultured in vitro before implantation with two beneficial effects. First, the existing pregenerated ECM contains bioactive molecules that provide signaling cues to direct and enhance MSC differentiation. Second, the in vitro 3D flow culture of the Ti͞ECM constructs after reseeding leads to an improved distribution of the mineralized matrix throughout the porosity of the scaffolds. This improved distribution is particularly advantageous for tissueengineering applications; an ideal implant would be able interact with its 3D environment rather than in a restricted 2D interface.
Conclusions
This study demonstrated the synergistic effect of in vitro pregenerated ECM and f luid f low on the proliferation and differentiation of MSCs seeded on Ti fiber mesh and cultured in a f low-perfusion bioreactor with dexamethasone. The presence of the pregenerated ECM yielded a significant increase in the amount of mineralized matrix deposited in Ti͞ECM constructs as compared with denatured Ti͞ECM* constructs, demonstrating the osteoinductive capability of the ECM. In addition, Ti͞ECM͞-constructs also demonstrated significantly higher calcium content than the Ti͞-constructs, indicating that, even in the absence of dexamethasone, the ECM induces osteodifferentiation.
In constructs cultured with dexamethasone, after 16 days of flow culture, mineralized matrix was observed throughout the Ti͞ECM constructs. Additionally, an increase in ALP activity of the cells in Ti͞ECM constructs was observed. Both ALP and calcium content are indicative of increased osteodifferentiation, indicating that Ti͞ECM constructs have increased osteodifferentiation compared with Ti constructs. Also, the mineral content in the Ti͞ECM constructs cultured under flow perfusion was 5-fold larger than measured for Ti͞ECM constructs cultured statically, indicating a synergistic effect between the bone-like ECM and fluid flow. These results highlight the potential of pregenerated bone-like ECM as a viable scaffold for tissueengineering applications.
Materials and Methods
Scaffold Preparation. Ti fiber meshes (Bekaert, Zwevegem, Belgium) with porosity of 86% and fiber diameter of 20 m were die-punched into 8-mm diameter discs (thickness, 0.8 mm). Scaffolds were sterilized by autoclaving before use (26) .
Rat MSC Isolation. MSCs were harvested and pooled from 10 male Wistar rats weighing 150-175 g according to established protocols (36) . Cells were cultured in the presence of 10 Ϫ8 M dexamethasone for 6 days in complete osteogenic media containing minimum essential media (␣ modification), 10 mM ␤-glycerophosphate, 50 g͞ml ascorbic acid, (all from Sigma), and 10% (vol) FBS (Gemini Bio-Products, Woodland, CA). Cells were trypsinized on day 6, suspended in 10% (vol) dimethyl sulfoxide (Sigma) in FBS, aliquoted in 1.5-ml cryovials, placed in a freezing canister overnight at Ϫ80°C, and then transferred to liquid nitrogen until use. For constructs cultured without dexamethasone, all procedures were identical, except that dexamethasone was omitted from the media.
Experimental Design. To generate the bone-like ECM, plain Ti meshes were first seeded with MSCs and cultured in complete media under flow for a period of 12 days, after which they were decellularized (36) and sterilized with ethylene oxide gas for 12 h. To remove residual ethylene oxide, the meshes were subsequently aerated for at least 6 h. Ti constructs either with or without pregenerated ECM (Ti and Ti͞ECM constructs, respectively) were prewet in PBS for 1 h and then seeded with MSCs and cultured in a flow-perfusion bioreactor for 4, 8, or 16 days. Additionally, denatured Ti͞ECM constructs (Ti͞ECM*) were obtained by exposing Ti͞ECM constructs to heat; these Ti͞ ECM* constructs were subsequently seeded with MSCs and cultured in complete media under flow for 4 days. To study matrix mineralization in the absence of dexamethasone, Ti and Ti͞ECM constructs were also seeded with MSCs and cultured in the absence of dexamethasone for 16 days; these groups are represented as Ti͞-and Ti͞ECM͞-constructs.
Flow Perfusion Culture of MSCs on Ti Meshes. The flow perfusion culture system was set up as described in detail by Bancroft et al. (24) . Plain Ti fiber meshes were seeded with 250,000 MSCs in 200 ml of complete media to generate Ti constructs. After 2 days, the cassettes containing the seeded constructs were placed in the bioreactor. The operation of the bioreactor system was driven by a peristaltic pump set at a rate of 1 ml͞min. The cells were cultured in complete media for 4, 8, or 16 days, with a complete media exchange every 48 h. Each group consisted of six samples, including one for SEM analysis. At the end of the culture period, all constructs were rinsed with PBS and stored in 1.5 ml of distilled, deionized water at Ϫ20°C until further use.
Ti͞ECM Construct Generation. Cryopreserved MSCs were resuscitated in complete osteogenic media and subsequently cultured for 6 days. Ti meshes were seeded as described above. The constructs were cultured for 12 days in the flow-perfusion bioreactor in complete medium. At the end of the culture period, constructs were rinsed and stored in distilled, deionized water at Ϫ20°C.
To remove cellular components, the meshes were decellularized by using three consecutive freeze-thaw cycles (47) , resulting in constructs that have been shown to contain no cells (36) . The Ti͞ECM constructs were allowed to air dry, sterilized with ethylene oxide, and then press-fit into flow-system cassettes in a six-well plate for further culture in the bioreactor, as previously described. Preparation of Ti͞ECM* constructs was performed in a similar manner, except that, immediately after decellularization, the Ti͞ECM meshes were placed in a 70°C water bath for 5 min.
Mercury Porosimetry. Scaffold pore size was measured by using mercury porosimetry (Autoscan 500, Quantachrome Instruments, Boynton Beach, FL) as described in ref. 38 . Scaffolds were placed into the sample chamber, and the void space in the chamber was filled with mercury. The pressure was then increased at a rate of 0.01 psi͞s until a total pressure of 50 psi was reached. Volume versus pressure data were converted to pore size by using software supplied by the vendor (Quantachrome Instruments AUTOSCAN, ver. 3.00). Measurements were made on three samples of each scaffold type. SEM Analysis. Samples were fixed in 2.5% (vol) glutaraldehyde for 2 h. The samples were cut in half for analysis of both the top and bottom; additionally, a cross-section was cut. All samples were dried, mounted on aluminium stages, sputter coated with gold, and examined with an FEI-XL 30 Environmental Scanning Electron Microscope; energy dispersive spectroscopy (EDAX, Mahwah, NJ) was performed in conjunction with the SEM imaging.
Biochemical Assays. The cellularity and ALP enzyme activity of the constructs were determined as described in ref. 36 . Briefly, Ti constructs were sonicated for 10 min. The DNA of the supernatant was quantified by using the PicoGreen assay (Molecular Probes) and compared with DNA extracted from known numbers of MSCs. ALP enzyme activity of the constructs was measured by using the supernatant and the Alkaline Phosphatase Assay from Sigma. Calcium content of the constructs was determined by using a calcium quantification assay obtained from Diagnostic Chemicals (Charlottetown, PEI, Canada) as described in ref. 29 . After the DNA and ALP assays were performed, the constructs were placed in acetic acid (0.5 N) overnight to dissolve calcium. For all Ti͞ECM and Ti͞ECM* constructs, the calcium present in the initial decellularized construct (Ϸ40 g) was accounted for.
To determine the total collagen and GAG content of the Ti͞ECM constructs, constructs were first cut into fine pieces with scissors and then digested with proteinase K solution (1 mg͞ml proteinase K, 10 g͞ml pepstatin A, and 185 g͞ml iodoacetamide) in phosphate-buffered EDTA [6.055 mg͞ml Tris (hydroxymethyl aminomethane) and 0.372 mg͞ml EDTA, pH 7.6, adjusted by HCl] for 16 h in a 56°C water bath. An aliquot of the solution after digestion was used to perform the dimethylmethylene blue dye assay to determine the GAG content in each construct as described in ref. 48 . Total collagen content was performed after a hydroxyproline assay of an aliquot of the digested samples. Briefly, 200 ml of the digested sample was hydrolyzed in 6 M HCl for 4 h at 115°C. Samples were allowed to cool to room temperature and the HCl evaporated under nitrogen flow. The hydrolyzate was dissolved in 700 ml of distilled, deionized H 2 O and then a sample was mixed with chloramine-T solution and p-dimethylaminobenzaldehyde (49) . The absorbance was read by using a plate reader at a wavelength of 570 nm. Collagen content was determined, following a 1:10 ratio of hydroxyproline to collagen (50) .
Osteopontin Assay. Osteopontin content of the constructs was measured by using an ELISA kit against rat osteopontin available from Assay Designs (Ann Arbor, MI) as described in ref. 36 . Media samples were collected every 2 days during the culture period and stored at Ϫ20°C. Samples were run in duplicate and compared against rat osteopontin standards.
Statistical Analysis. Samples for DNA, ALP, and calcium assays were performed in triplicate and results reported as means Ϯ standard deviation for four different scaffolds. Osteopontin secretion was determined from a media sample that represented a pool of six samples; the assay for osteopontin was performed in duplicate. A two-factor repeated-measures ANOVA was performed before making multiple comparisons among Ti, Ti͞ECM, Ti͞-, and Ti͞ECM͞-constructs by using the Tukey procedure at a significance level of 95%. A one-way ANOVA was performed before comparing means among Ti, Ti͞ECM, and Ti͞ECM* constructs by using the Tukey procedure at a significance level of 95%. Statistical analysis of total collagen and GAG content was performed similarly for three different scaffolds.
